Ovarian follicular development in cattle is characterized by waves of growth during the prepubertal and postpartum periods and during estrous cycles. Each wave of follicular growth is characterized by recruitment of a cohort of follicles 4 to 5 mm in diameter. From the cohort, one follicle is selected for continued growth and becomes dominant. have been associated with different stages of follicular growth and atresia. In general, expression of mRNA for the gonadotropin receptors, steroidogenic enzymes, and steroidogenic acute regulatory protein (StAR) increase with progressive follicular development and is highest when dominant follicles approach maximum size. Expression of mRNA declines rapidly and becomes low or undetectable in atretic follicles. The IGF-I (granulosal cells) and IGF-II (thecal cells) are increased, whereas IGFBP-2 (granulosal cells) is reduced, in dominant follicles. Recruitment of a cohort of follicles is associated with initiation of expression of mRNA for P450scc and P450arom in granulosal cells. Selection of dominant follicles is associated with expression of mRNA for LHr and 3b-HSD in granulosal cells. Thus, changes in gene expression likely are important to recruitment, selection, dominance, and atresia in ovarian follicles.
Introduction
Folliculogenesis in mammalian ovaries is the first event toward the generation of offspring and may be defined as the formation of Graafian (mature, preovulatory) follicles from a pool of primordial (nongrowing) follicles (Spicer and Echternkamp, 1986) . Hodgen (1982) proposed the following terms for description of folliculogenesis: Recruitment is a process whereby a cohort of follicles begin to mature in a milieu of sufficient pituitary gonadotropic stimulation to permit progress towards ovulation; a cohort may be of n (number) size. Selection is the process whereby a follicle(s) avoids atresia and undergoes further development and becomes competent to achieve timely ovulation. Dominance is the process whereby a single follicle achieves and maintains its eminence over the other recruited follicles, which undergo atresia.
In mammals, the number of primordial follicles in the ovaries is fixed near the time of birth. In cows, there are approximately 150,000 primordial follicles present in the ovary at birth, and the number of follicles decreases to about 3,000 by 15 to 20 yr of age (Erickson, 1966 ; for review, see Webb et al., 1992) . Primordial follicles are continuously entering the growing pool of follicles, but the fate of greater than 99% of all follicles entering the growing pool is atresia (Ireland, 1987) . Mechanisms associated with initiation and growth of follicles at all stages of development until ovulation or atresia are not clearly defined.
Recently, information on changes in gene expression during different stages of follicular growth has emerged. The focus of this article will be on changes in gene expression of the gonadotropin receptors, steroidogenic enzymes, steroidogenic acute regulatory protein, and the insulin-like growth (IGF) factor system in follicles during the bovine estrous cycle.
Follicular Dynamics
The occurrence of follicular waves in the bovine estrous cycle has been recently defined. Several investigators (Savio et al., 1988; Sirois and Fortune, 1988; Ginther et al., 1989a) have used real-time ultrasonography to reliably determine changes in follicular growth during the bovine estrous cycle and have reported two, three, or four waves of follicular growth. During each wave of follicular growth, a cohort (normally 1 to 6 ) of follicles 4 to 5 mm in diameter emerge and begin to grow (recruitment). Initiation of each wave of follicular growth is preceded by a transient increase in FSH that begins about 2.5 d before initiation of the new wave of follicular growth and starts to decline about the time of appearance of the cohort of follicles in the wave (Adams et al., 1992; Hamilton et al., 1995) . The cohort of follicles grow over the next 36 to 48 h, after which one follicle ( 8 to 9 mm in diameter) is selected (selection) for further growth to become larger than the others. The others stop growing and undergo atresia (Adams et al., 1992; Hamilton et al., 1995) . The selected follicle achieves dominance over the other follicles in the cohort, which regress while the dominant follicle continues to increase in size. When the dominant follicle reaches its maximum size, it maintains that size for 3 to 6 d before regressing if the animal is in the luteal phase of the estrous cycle (Ginther et al., 1989b; Knopf et al., 1989) . The fate of the dominant follicle that reaches maximum size during the luteal phase of the estrous cycle and of subordinate follicles that enter as cohorts during the initiation of each wave of follicular growth is atresia. If luteal regression occurs during the growing phase of the dominant follicle, the follicle ovulates (Kastelic et al., 1990) .
Factors Controlling Follicular Growth in Cattle
Follicle-stimulating hormone and LH are the primary extragonadal protein hormones necessary for folliculogenesis. The differential secretion of the gonadotropins at various stages of follicular growth are associated with initiation and continued growth of follicles toward ovulation, or atresia, at different stages of growth. It is likely that FSH is most important for initiation and early growth of antral follicles and that LH becomes more important with increasing development and maturation of follicles (Lucy et al., 1992) . Final growth and maturation of the follicle probably depend on increased pulse frequency of LH to act upon 1 ) thecal cells to provide androgen substrate for aromatization to estradiol-17b by granulosal cells and 2 ) granulosal cells to provide additional stimulus with FSH for increased aromatase activity when FSH concentrations are declining with increasing size of the dominant follicle (Richards et al., 1987) . Evidence for the importance of increased pulsatility of LH for follicular growth at later stages of development is supported by studies in which follicular dominance is maintained for an extended period of time when cows are treated with low levels of progesterone and LH pulse frequency is high (Sirois and Fortune, 1990) .
Follicular growth and steroidogenesis are dependent on the coordinated actions of FSH and LH with their receptors on granulosal cells and thecal cells of ovarian follicles. The most accepted model for follicular growth and steroidogenesis suggests that granulosal and thecal cells are involved in production of estradiol-17b (two cell/two gonadotropin model; Fortune and Quirk, 1988) . In this model, granulosal cells contain FSH receptors ( FSHr) and thecal cells contain LH receptors ( LHr) during earlier stages of development. Both cell types are presumed to have the cytochrome P450 side-chain cleavage ( P450scc) enzyme necessary for conversion of cholesterol to C-21 steroids (progestins). The progestins, pregnenolone or progesterone, are precursors for synthesis of androstenedione in thecal cells. Binding of LH to its receptor on thecal cells stimulates activity of the cytochrome P450 17a-hydroxylase ( P450c17) enzyme necessary for conversion of progestins to androstenedione. Fortune (1986) reported that follicular wall preparations containing granulosal and thecal cells secreted greater quantities of androstenedione than did preparations of isolated thecal cells. Granulosal cells did not produce androgens even in the presence of progestin precursors. Androgens are then metabolized to estradiol-17b by the cytochrome P450 aromatase ( P450arom) enzyme in granulosal cells. Estradiol17b is secreted by follicles and acts as a mitogen for granulosal cells in rats (Richards et al., 1987) . Estradiol-17b and FSH induce synthesis of LH receptors on membranes of granulosal cells during later stages of follicular development, and, consequently, estradiol-17b enhances its own secretion in rats (Richards, 1980) . The mechanisms of FSH and LH action on folliculogenesis and their interaction within the cellular components have been well reviewed (Richards, 1980; Fortune and Quirk, 1988; McNeilly et al., 1991) .
Gene Expression in Bovine Ovarian Follicles
Previously, investigators focused on the hormonal regulation of ovarian follicular development and atresia (Ireland, 1987; Fortune and Quirk, 1988; Fortune, 1994; Hillier et al., 1994; Ginther et al., 1996; Gong et al., 1996) . Changes in gene expression of gonadotropin receptors, steroidogenic enzymes, steroidogenic acute regulatory protein ( StAR) , and insulin-like growth factors and their binding proteins ( IGFBP) in bovine follicles during follicular recruitment, selection, dominance, and atresia have been characterized in recent studies to investigate their role in follicular growth and steroidogenesis (Xu et al., 1995a,b; Bao et al., 1997a,b,c; Wilson et al., 1997; Yuan et al., 1997) . Others have examined changes in expression of genes for steroidogenic enzymes in dominant bovine follicles (Carriere et al., 1996; Soumano et al., 1996; Soumano and Price, 1997) or during differentiation of dominant follicles toward ovulation (Voss and Fortune, 1993a,b; Tian et al., 1995) . Messenger RNA for FSHr and P450arom were shown to be exclusively localized to granulosal cells (Figures 1 and 2 ) and mRNA for P450c17 and StAR were solely localized to thecal cells (Figures 3 and 4) . Expression of mRNA for LHr, P450scc, and 3b-hydroxysteroid dehydrogenase ( 3b-HSD) were detected in granulosal and thecal cells (Figures 5, 6, and 7; Bao et al., 1997a,b,c) , and the level of mRNA expression was differentially expressed in different cell types at various stages of follicular development. Localization of mRNA expression for each probe was similar to that in other studies in cattle using binding assays for the proteins or northern blot assays for the mRNA (Ireland and Roche, 1982, 1983; Rodgers et al., 1986a Rodgers et al., ,b, 1987 Voss and Fortune 1993a,b; Carriere et al., 1996; Soumano et al., 1996; Soumano and Price, 1997) . In other species, detection of proteins or mRNA for LHr, P450scc, P450c17, and 3b-HSD in thecal and(or) granulosal cells also have been reported (Camp et al., 1991; Peng et al., 1991; Dupont et al., 1992; Tamura et al., 1992; Telfer et al., 1992; Whitelaw et al., 1992; Teerds and Dorrington 1993) . The first part of the following sections will discuss the characteristics of gene expression in different stages (sizes) of follicular development, including preovulatory follicles and follicular atresia, and the subsequent sections will focus on changes in expression of genes in thecal and granulosal cells during the first follicular wave.
Gene Expression in Preantral and Early Antral Follicles
Preantral and early antral follicular development up to 2 to 4 mm in diameter in cattle is believed to be gonadotropin-independent because growth of antral follicles larger than 4 mm is not observed when endogenous concentrations of gonadotropins are suppressed by hypothalamic stalk transection (Awotwi et al., 1984) or by removal or inhibition of gonadotropin secretion by a GnRH agonist (Campbell et al., 1995; Gong et al, 1996) .
In recent studies (Xu et al., 1995a,b; Bao et al., 1997a,b,c) , FSHr mRNA has been shown to be specifically localized to granulosal cells and cumulus cells (Figure 1 ). Expression of FSHr mRNA was first localized within primary follicles with one to two layers of granulosal cells, presumably before the formation of theca interna and the basement membrane (Figure 1, A and B) . Intensity of mRNA expression for the FSHr was similar in follicles from this stage up to 2 mm in diameter (Figure 1 , C, D, E, and F). This is similar to results from studies in rats showing that the FSH receptor or its mRNA were present on granulosal cells of small preantral follicles (Richards, 1980; Camp et al., 1991) . These results raise questions about the possible role of FSH during early follicular growth because follicles can grow to the early antral stage in the absence of gonadotropic support (Camp et al., 1991; Driancourt et al., 1991) . Nevertheless, exogenous FSH increased the number of small preantral follicles in hypophysectomized mice (Wang et al., 1993a,b) and the incorporation of [ 3 H]thymidine into preantral follicles in hamsters (Roy and Greenwald, 1986a,b) . Furthermore, granulosal cells of primary and secondary follicles express FSHr mRNA (Xu et al., 1995a; Bao et al., 1997b) , and this suggests that FSH may stimulate granulosal cell proliferation and follicular development at early stages of growth.
Following formation of theca interna around the granulosal cells, mRNA for LHr, P450scc, P450c17, and 3b-HSD are expressed in thecal cells about the time of antrum formation, and expression generally increases with growth of early antral follicles (Xu et al., 1995a,b; Bao et al., 1997b) . These results indicate that follicles at early stages of development are able to synthesize androgens. However, expression of P450arom in granulosal cells was undetectable in preantral and early antral follicles (<4 mm), suggesting that these follicles are not able to convert androgens to estradiol-17b in granulosal cells. These data are consistent with earlier studies (Skyer et al., 1987) that all follicles <5 mm in diameter are estrogen-inactive. Moreover, granulosal cells of preantral and early antral follicles (<4 mm) do not express P450scc and 3b-HSD mRNA, indicating that granulosal cells of bovine follicles less than 4 mm in diameter are not able to convert cholesterol to pregnenolone and subsequently to progesterone. Therefore, the main source of follicular fluid steroid hormones (pregnenolone, progesterone, and androgen) at this stage of development is thecal cells.
There is little information on mRNA expression of the IGF system in preantral and early antral follicles. Both IGF-I (granulosal cells) and IGF-II (thecal cells) mRNA are expressed in early antral (non recruited) healthy follicles (mean ≅ 1.0 mm in diameter) at levels lower than those observed during selection and dominance of the dominant follicle Yuan et al., 1997) . A portion of, but not all, nonrecruited follicles expressed mRNA for IGFBP-2. It is possible that mRNA expression for IGFBP-2 is turned off before follicular dominance or that the fate of nonrecruited follicles expressing IGFBP-2 is atresia (Yuan et al., 1997) . 
Gene Expression in Antral Follicles
In cattle, antral follicular development beyond 4 mm in diameter is considered to be gonadotropindependent and includes recruitment, selection, dominance, and atresia or ovulation (Savio et al., 1988; Hillier et al., 1994; Zeleznik and Benyo, 1994; Campbell et al., 1995; Gong et al., 1996) . Characteristics of healthy follicles harvested during recruitment and selection of the first follicular wave and during the entire lifespan of the first-wave dominant follicles are shown in Tables 1 and 2 , respectively. Initiation of the first follicular wave (recruitment) was detected at 24 to 72 h ( 1 to 3 d ) after estrus. The day of initiation of the first follicular wave is defined as d 0. Follicles were collected every 12 h starting at 12 h until 96 h after the initiation of the first follicular wave (Table   1 ; Bao et al., 1997a,b,c) . In a second group of studies, ovaries were collected every 2 d beginning on d 0 until d 10 of the follicular wave (Table 2 ; Xu et al., 1995a,b) . Initiation of a follicular wave is characterized by recruitment of a cohort of one to six small follicles on the ovaries of each animal; these follicles are recruited to grow to larger than 4 mm in diameter (Savio et al., 1988; Sirois and Fortune, 1988; Ginther et al., 1989a) . It was not possible to identify selection of the dominant follicle by size by d 2 (Table 2 ) in one study (Xu et al., 1995b) or at 12 and 24 h following initiation of a follicular wave in the second study (Table 1; Bao et al., 1997b) . In the other studies (Bao et al., 1997b,c) , divergence in size (larger) of one (dominant) follicle was detected in some cows (Table  1 ) but not in others at 36 h. By 48 h after wave initiation, the dominant follicle could be identified by size. Therefore, the 36-to 48-h time period after initiation of a follicular wave seemed to be a transition period for identification of the dominant follicle (Bao et al., 1997b,c) . Ginther et al. (1996) reported that dominance occurs with divergence (larger) in size of one follicle over other follicles in the cohort. From 48 h onward, there was only one healthy large (dominant) follicle in each animal (Tables 1 and 2 ; Xu et al., 1995a,b; Bao et al., 1997b,c) . On d 6 and 8 (144 h and 192 h), dominant follicles were still morphologically healthy (Table 2 ; Xu et al., 1995a,b) . By d 10, all previously dominant follicles from the first wave were in the advanced stage of atresia, and the second follicular wave was initiated (Table 2 ; Xu et al., 1995a,b) . Why the dominant follicle was identified earlier in one study (Bao et al., 1997b,c) than in the other (Xu et al., 1995a,b) is unknown, but the discrepancy may be due to the identification (time) of the initiation of the follicular wave.
Gene Expression During Recruitment. Recent studies indicate that follicular recruitment is associated with initiation of simultaneous expression of P450scc and P450arom mRNA in granulosal cells of the recruited cohort of follicles (Xu et al., 1995b; Bao et al., 1997b) . Following recruitment of a cohort of follicles, expression of mRNA for P450scc and P450arom is first detected simultaneously in granulosal cells of the majority of early recruited follicles of 4 to 6 mm in diameter (12 h; Figures 2 and 6; Table 3 ). During late stages of recruitment (24 and 36 h), mRNA expression for P450scc and P450arom in granulosal cells was observed in all recruited follicles 6 to 9 mm in diameter, but not in other apparently recruited follicles 4 to 5 mm in diameter. The number of follicles in the cohort ( 4 to 6 mm in diameter) at 12 h that expressed P450scc and P450arom mRNA in the granulosal cells is similar to the number of follicles at 24 and 36 h that continued growth to 6 to 9 mm in diameter and express mRNA for P450scc and P450arom (Figures 2 and 6 ; Bao et al., 1997b) . Thus, expression of mRNA for P450arom and P450scc in granulosal cells of recruited follicles may be associated with recruitment and preparation of follicles for continued growth. Induction of P450scc and P450arom mRNA expression in granulosal cells is likely stimulated by the transient increase in circulating FSH concentration observed before recruitment of a cohort of follicles at the beginning of each follicular wave (Adams et al., 1992; Hamilton et al., 1995) . In cattle, a single injection of FSH is able to increase the number of medium-sized follicles (Roche and Boland, 1991) , and suppression of FSH following the preovulatory surge LH/FSH by administering charcoal-extracted bovine follicular fluid as a source of inhibin delays the appearance of the first-wave follicles in heifers (Turzillo and . These in vivo studies suggest that FSH is essential for follicular growth >4 mm and regulates the expression of P450scc and P450arom in granulosal cells during follicular recruitment. Furthermore, Gong et al. (1996) have recently described a GnRH-agonist model whereby secretion of LH, but not of FSH, is decreased over a 28-d period. In this model, follicles grow to a size of 7 to 9 mm in diameter and persist, but further growth does not occur. If the GnRH-agonist treatment is extended for another 7 d, FSH is also depressed. The follicles of 7 to 9 mm in diameter regress and new follicular growth is arrested at 2 to 4 mm in diameter (no recruitment). These data suggest that recruitment and growth of follicles beyond 2 to 4 mm up to 7 to 9 mm in diameter require FSH. Luteinizing hormone may or may not be involved in regulation of P450scc and P450arom mRNA expression in granulosal cells during recruitment. If LH is involved, the effect of LH may be indirect through stimulation of thecal cell androgen synthesis and secondary to FSH because expression of LHr mRNA is not detected in granulosal cells before expression of P450scc and P450arom mRNA in granulosal cells of recruited follicles.
Follicular fluid steroid hormone concentrations have long been used to characterize follicular steroidogenic capacity. The ratio of estrogen to progesterone is used to estimate follicular estrogenic activity and health status of a follicle (Ireland, 1987) . Expression of mRNA for the gonadotropin receptors and steroidogenic enzymes indicates that production of granulosal cell and thecal cell steroids varies during each stage of follicular development. During recruitment follicles grow from 5 mm to 8 to 9 mm, granulosal cells express P450arom and P450scc mRNA, but not 3b-HSD mRNA, and thecal cells express LHr, P450scc, P450c17, 3b-HSD, and StAR mRNA. This suggests that granulosal cells start to metabolize thecal cell androgen to estradiol-17b and cholesterol to pregnenolone, but not pregnenolone to progesterone, in the recruited cohort of healthy follicles. Granulosal cells cannot metabolize pregnenolone to progesterone because expression of 3b-HSD mRNA is not detected in granulosal cells of the recruited cohort of follicles <9 mm in diameter (Bao et al., 1997c) . Table 3 . Expression of mRNA for steroidogenic enzymes, gonadotropin receptors and steroidogenic acute regulatory protein (StAR; mean ± SEM %) in bovine follicles collected at different times after initiation of the first follicular wave a,b a P450scc = cytochrome P450 side chain cleavage; P450c17 = cytochrome P450 17a hydroxylase; 3b-HSD = 3b-hydroxysteroid dehydrogenase; P450arom = cytochrome P450 aromatase; LHr = luteinizing hormone receptor; FSHr = follicle-stimulating hormone receptor.
b Intensity of hybridization was quantified as the percentage of pixels within a given marked area that was above a set gray threshold level. (Ireland and Roche, 1982, 1983; Ireland, 1987; Gong et al., 1996) . Selection of the dominant follicle in cattle seems to occur between 36 and 48 h following initiation of the first follicular wave (Bao et al., 1997b) and is associated with mRNA expression for LHr and 3b-HSD in granulosal cells (Xu et al., 1995b; Bao et al., 1997b,c) . Luteinizing hormone receptor and 3b-HSD mRNA expression are predominantly detected in one healthy follicle ≥ 8 mm in diameter per cow (Figures 5 and 7 ; Xu et al., 1995a; Bao et al., 1997b,c) . Continued growth of dominant follicles is accompanied by an increase in expression of LHr and 3b-HSD mRNA in granulosal cells (Table 3 ; Bao et al., 1997b,c) . In addition, LHr mRNA expression in granulosal cells is limited to healthy follicles, which also express greater levels of mRNA for P450scc and P450arom in granulosal cells than do subordinate follicles. Expression of 3b-HSD mRNA in granulosal cells is always in the same follicle that expresses LHr in granulosal cells (Bao et al., 1997c) , suggesting that not only LHr mRNA expression, but also 3b-HSD, may be related to the selection of the dominant follicle in cattle. It is not clear which occurs first, selection of the dominant follicle or expression of LHr and(or) 3b-HSD mRNA in granulosal cells of the dominant follicle, or whether all occur simultaneously. Evans and Fortune (1997) have reported an increase in size and secretion of estradiol-17b of one follicle in the cohort before detection of expression of LHr mRNA in granulosal cells. Despite the general increases in expression of mRNA for gonadotropin receptors and steroidogenic enzymes during early stages of the follicular wave, selection of the dominant follicle cannot be determined based on the differential expression of mRNA for LHr in thecal cells, FSHr and P450arom in granulosal cells, P450scc in the granulosal and thecal cells, and P450c17, 3b-HSD, and StAR in thecal cells at 36 to 48 h after follicular wave. This is because more than one follicle in the cohort of similar size in each animal expresses similar amounts of these mRNA (Bao et al., 1997a,b,c) . This suggests that selection of dominant follicles may not be associated with increased expression or activities of LHr, P450scc, P450c17, 3b-HSD, and StAR in thecal cells and expression of mRNA for FSHr, P450scc, and P450arom in granulosal cells. However, increases in mRNA expression of gonadotropin receptors, steroidogenic enzymes, and StAR in thecal cells and(or) granulosal cells of selected follicles are essential for maintenance of growing follicles and high levels of follicular estradiol17b production.
Increase in expression of mRNA for FSHr, LHr, P450scc, P450c17, P450arom, 3b-HSD, and StAR in thecal cells and(or) granulosal cells during selection of dominant follicles after the initiation of the first follicular wave (Xu et al., 1995a,b; Bao et al., 1997b,c) occurs during the time that follicles produce increasing amounts of estradiol-17b and inhibin (Martin et al., 1991) and the corpus luteum secretes increasing amounts of progesterone. During this time, mean serum FSH and LH pulse frequency decrease in ewes (Martin et al., 1988) and cows (Rahe et al., 1980; Parfet et al., 1989; Ginther et al., 1996) . Thus, selection of follicles occurs when mean serum FSH and LH pulse frequency are decreasing. Because recruited follicles are not exactly at the same stage of development, they may have a different requirement for gonadotropins to support their continued growth, with the most functionally developed follicles being the most equipped to use both gonadotropins for support. This process is termed passive; the first follicle that Table 4 . Expression of mRNA for steroidogenic enzymes and gonadotropin receptors (mean ± SEM %) in bovine follicles collected at different days after initiation of the first follicular wave a,b a P450scc = cytochrome P450 side chain cleavage; P450c17 = cytochrome P450 17a hydroxylase; P450arom = cytochrome P450 aromatase; LHr = luteinizing hormone receptor; FSHr = follicle-stimulating hormone receptor.
b Intensity of hybridization was quantified as the percentage of pixels within a given marked area that was above a set grey threshold level. acquires the LHr in granulosal cells is selected to become dominant because the granulosal cells can respond to LH and FSH. In fact, if GnRH-agonist treatment is removed at the end of the first 28 d of treatment, LH pulse frequency increases and one of the cohort of follicles of 7 to 9 mm in diameter is selected to become dominant and ovulates (Gong et al., 1996) , suggesting that expression of LHr mRNA in granulosal cells and secretion of LH are required for growth of selected follicles beyond 9 mm in diameter.
Regulation of LHr mRNA expression in granulosal cells during selection is not well understood in domestic animals. In rodents, induction of LHr in granulosal cells is dependent on the actions of FSH and estradiol-17b (Richards, 1980; Segaloff et al., 1990) . Estradiol-17b seems to enhance FSH-stimulated LHr mRNA expression in rat granulosal cells (Richards et al., 1987) .
Gene Expression in Dominant Follicles.
After selection, dominant follicles from the first follicular wave continue to grow. During the growing phase of dominant follicles, expression of mRNA for gonadotropin receptors, steroidogenic enzymes, and StAR increases in thecal and(or) granulosal cells (Table 3) . Expression of mRNA for gonadotropin receptors, steroidogenic enzymes, and StAR is greatest in dominant follicles on d 4 of the follicular wave, as are follicular fluid steroid hormone concentrations (Table 4 ; Xu et al., 1995a,b; Bao et al., 1997a,b,c) . How can the selected dominant follicle maintain its functional integrity and development in a hormone milieu suppressive to growth of less-developed follicles? Several mechanisms may be involved. First, dominant follicles have a well-developed vasculature (Moor and Seamark, 1986) . Thus, although there are no differences between ovaries with and without a dominant follicle in blood supply (Brown and Driancourt, 1989) , more blood, and consequently more FSH and LH, may be distributed within an ovary to the dominant follicle (Brown and Driancourt, 1989) . Second, dominant follicles have developed abundant
LHr mRNA on their granulosal cells, and this may render them responsive to FSH and LH. Because LH and FSH share the same post-receptor second messenger system for their action (Richards and Hedin, 1988; Xu et al., 1995a; Bao et al., 1997b) , the development of LH receptors on granulosal cells might make the dominant follicles less dependent on FSH. In primates, the selected dominant follicle is relatively independent of FSH support for its continued growth and maturation (Zeleznik and Kubik, 1986; Ravindranath et al,, 1989 ). However, in ruminants, dominant follicles need the support of a threshold concentration of FSH . Luteinizing hormone likely becomes more important to the final growth and maturation of follicles. Third, dominant follicles express greater levels of StAR mRNA in thecal cells (Bao et al., 1997a) and this may assure sufficient cholesterol transport to mitochondria for androgen production. Fourth, dominant follicles express high levels of mRNA for aromatase, which may enable them to convert large amounts of androgens produced by the theca interna into estradiol-17b (Xu et al., 1995b; Bao et al., 1997b) . Estradiol-17b can enhance granulosal cell responsiveness to FSH in rats (Richards, 1980) . High estradiol-17b concentrations in the follicular fluid of dominant follicles could increase their sensitivity to FSH . Selected dominant follicles are characterized by their ability to produce high amounts of estradiol-17b. In dominant follicles, expression of LHr and 3b-HSD mRNA may have a significant role for maintenance and ability to maintain dominance over other unselected follicles. After LHr and 3b-HSD mRNA are detected in granulosal cells in one of the growing recruited cohort of follicles, their expression increases during the growing phase of dominant follicles until they establish dominance (Bao et al., 1997b,c) . These results indicate that granulosal cells of dominant follicles are able to convert not only thecal cell androgen to more estradiol-17b, but also 10 cholesterol to pregnenolone and progesterone. Pregnenolone and progesterone production by granulosal cells of dominant follicles may be utilized by thecal cells to produce androgen (Fortune, 1986; GoreLangton and Armstrong, 1994; Bao et al., 1997c) . Therefore, follicular fluid progesterone in dominant follicles may be secreted from thecal and granulosal cells because both express mRNA for 3b-HSD (Bao et al., 1997c) . Progesterone production by granulosal cells may not be acutely regulated because StAR mRNA is not detected in granulosal cells of healthy follicles collected during recruitment and selection (Bao et al., 1997a) . The StAR protein is known to regulate acute transport of cholesterol from the outer to inner mitochondrial membrane for conversion to pregnenolone by P450scc (Stocco and Clark, 1996) . The StAR mRNA in cattle is expressed only in thecal cells and expression is higher in dominant follicles (Figure 4) . Thus, high levels of cholesterol are required within mitochondria of thecal cells to synthesize androgen, which is then metabolized to estradiol17b in granulosal cells. Therefore, biosynthesis of estradiol-17b by granulosal cells may be acutely regulated by thecal cell androgen production . If luteolysis does not occur during the growth phase of dominant follicles, they eventually undergo atresia, possibly due to insufficient LH pulse frequency (Sirois and Fortune, 1990; Lucy et al., 1992) . Final growth and maturation of the dominant follicle during the first wave of follicular growth occurs at the time that circulating progesterone increases and LH pulse frequency decreases (Rahe et al., 1980) . The dominant follicle undergoes atresia at this time and also following the second wave of follicular growth (in a three-wave cycle). If the dominant follicle is exposed to low levels of progesterone and presumably higher LH pulse frequency, the lifespan of the dominant follicle is prolonged (Sirois and Fortune, 1990; Lucy et al., 1992) suggesting that LH plays a critical role for maintenance of functional dominant follicles.
Within morphologically healthy dominant follicles, mRNA for P450scc, P450c17, 3b-HSD, StAR, and FSHr and follicular fluid steroid hormones decrease dramatically between d 4 and 6 of the follicular wave (Tables 4 and 5 ). Expression of mRNA for LHr and P450arom remain elevated to d 6 before decreasing on d 8 of the wave (Table 4 ). This indicates that functional regression of dominant follicles occurs before an apparent decrease in size and morphological degeneration of the follicle and is associated with reduced expression of mRNA and steroidogenic capacity of dominant follicles (Table 5) . Similarly, Lucy et al. (1992) reported that dominant follicles collected on d 5 and 8 of the bovine estrous cycle had similar P450arom activity, but concentrations of estradiol-17b in follicular fluid were greater in dominant follicles collected on d 5 than in those collected on d 8. Days 5 and 8 in the study by Lucy et al. (1992) roughly correspond to d 3 and 6, respectively, in the study in Tables 4 and 5 . Reduction in the ability of dominant follicles on d 6 to produce estradiol-17b is likely due to insufficient androgen production in thecal cells (Lucy et al., 1992) . It is possible that reduction in thecal cell androgen production is associated with atresia.
Selected and dominant follicles express the highest level of mRNA for IGF-I (granulosal cells) and IGF-II (thecal cells) compared to subordinate or unrecruited follicles (Yuan et al., 1997) . Conversely, expression of mRNA for IGFBP-2 was nearly undetectable in selected and dominant follicles but was abundantly expressed in subordinate follicles. These findings are consistent with those of Manikkam and Rajamahendran (1997) , who reported higher concentrations of IGF-I and IGF-II and lower concentrations of IGFBP in large healthy follicles than in large atretic follicles. Whether mRNA for IGFBP are expressed in smaller follicles that subsequently become selected and dominant, or whether the fate of small follicles that express mRNA for the IGFBP is atresia, requires further study. Messenger RNA for IGF-I and IGF-II and for IGFBP seem to be differentially expressed during selection and dominance, with selected and dominant follicles expressing more mRNA for IGF and less mRNA for IGFBP than subordinate follicles. Thus, availability of IGF to follicular cells increases responsiveness to FSH and LH for additional growth and increased steroid production.
Gene Expression in Preovulatory Follicles. Fortune
and colleagues (Voss and Fortune, 1993a,b; Tian et al., 1995) have characterized changes in expression of mRNA for steroidogenic enzymes in bovine preovulatory follicles during the pre-and postovulatory FSH/ LH surge period. Tian et al. (1995) initiated luteal regression during the luteal phase ( d 6 or 7 of the estrous cycle or d 4 or 5 of the follicular wave) when dominant follicles are still healthy. This results in differentiation of the first wave dominant follicle into a preovulatory follicle. Levels of mRNA expression for all enzymes except P450arom in granulosal cells increased during preovulatory follicular development, as did follicular fluid androstenedione and estradiol17b concentrations, suggesting that expression of mRNA for steroidogenic enzymes increases further in preovulatory follicles following luteal regression and associated higher LH pulse frequency (Tian et al., 1995) . The level of P450arom mRNA in granulosal cells is high and the amount of follicular fluid androstenedione is low before luteolysis (Tian et al., 1995) , indicating immediate conversion of androgen to estradiol-17b in the dominant follicles. Following luteolysis, it is likely that increased pulse frequency of LH increases mRNA of steroidogenic enzymes in thecal cells, which in turn increase androgen substrate synthesized and available for aromatization to estradiol-17b in granulosal cells. This concept is supported by several other studies in which thecal cell androgen production is the limiting factor for follicular estradiol-17b production Lucy et al., 1992; Xu et al., 1995b; Carriere et al., 1996) . Androgen synthesis in thecal cells is regulated by the activity of LHr, StAR, P450scc, P450c17, and 3b-HSD. One or more of these factors in thecal cells may be the primary rate-limiting factors for androgen production (Xu et al., 1995a,b; Carriere et al., 1996; Bao et al., 1997a) .
Expression of P450c17 mRNA in thecal cells, P450arom mRNA in granulosal cells, and P450scc and 3b-HSD mRNA in granulosal and theca cells decreases dramatically in preovulatory follicles following the preovulatory LH surge (Voss and Fortune, 1993a,b) . Decreases in expression of steroidogenic enzymes in preovulatory follicles after the LH surge is accompanied by decreases in follicular fluid androstenedione and estradiol-17b concentrations and increases in follicular fluid progesterone concentrations (Voss and Fortune at el., 1993a,b) . These studies suggest that the LH/FSH surge or an associated event leads to decreases in follicular fluid androgen and estradiol17b via decreases in levels of P450c17 and P450arom in thecal cells and granulosal cells, respectively (Voss and Fortune et al., 1993a,b) . Increases in progesterone concentrations in the follicular fluid in post-LH/ FSH surge preovulatory follicles may be associated with initiation of luteinization of thecal cells and granulosal cells or may be related to reduction in conversion of progestins to androgen. To summarize, expression of mRNA for P450scc, 3b-HSD, and P450c17, but not P450arom, in theca and(or) granulosal cells and estradiol-17b production by granulosal cells is elevated before the LH/FSH surge in preovulatory follicles. All decrease in preovulatory follicles after the LH/FSH surge (Voss and Fortune, 1993a,b; Tian et al., 1995) . Follicular Atresia. If the dominant follicle does not ovulate, its fate is atresia. As mentioned previously, functional regression of dominant follicles occurs earlier than morphological signs of atresia. Dominant follicles are morphologically healthy until d 8 of the follicular wave and maintain their size until d 10 of the wave (Table 2) . However, atresia of dominant follicles is likely initiated between d 4 and 6 of the follicular wave (Tables 4 and 5 (Tables 4  and 5 ; Xu et al., 1995a,b) .
Atresia of unselected follicles from the recruited cohort is similar to dominant follicles and is accompanied by reduction in expression of mRNA for gonadotropin receptors, steroidogenic enzymes, and StAR, which are expressed in granulosal and(or) thecal cells of these follicles (Table 6 ; Bao et al., 1997b,c) . Although follicular atresia is generally associated with reduced expression of mRNA encoding gonadotropin receptors, steroidogenic enzymes, and StAR, expression of each mRNA in different cell types is affected differently by stage of atresia. Expression of mRNA for P450scc and P450arom in granulosal cells is the most affected; early atretic follicles express barely detectable levels upon selection of the dominant follicles (Table 6) . Similarly, early atresia in bovine follicles is characterized by an absence or lower level of P450arom activity in granulosal cells that is always preceded by reduction in the thecal cell steroidogenic capacity . In contrast, expression of mRNA for LHr, P450scc, P450c17, 3b-HSD, and StAR in thecal cells and FSHr in granulosal cells is less affected by the stage of atresia, with thecal cells of follicles in the advanced or late stages of atresia still expressing detectable mRNA for gonadotropin receptors, steroidogenic enzymes, and StAR (Table 6 ). Atretic follicles have been shown to contain P450scc and P450c17 immunoreactivity in the theca interna (Carson et al., 1979; Henderson et al., 1984; Tilly et al., 1992) . In a few follicles at a very late stage of atresia, the remaining few layers of granulosal cells express P450scc, 3b-HSD, and StAR mRNA (Xu et al., 1995a,b; Bao et al., 1997a,b,c) . Morphologically, these remnant granulosal cells were hypertrophied and seemed luteinized. It is possible that spontaneous luteinization of the remaining granulosal cells after degeneration of the oocyte might stimulate P450scc, 3b-HSD, and StAR mRNA expression similar to Table 6 . Expression of mRNA (mean ± SEM %) for steroidogenic enzymes, gonadotropin receptors, and steroidogenic acute regulatory protein (StAR) in healthy and atretic bovine follicles a,b a P450scc = cytochrome P450 side chain cleavage; P450c17 = cytochrome P450 17a hydroxylase; 3b-HSD = 3b-hydroxysteroid dehydrogenase; P450arom = cytochrome P450 aromatase; LHr = luteinizing hormone receptor; FSHr = follicle-stimulating hormone receptor.
b Intensity of hybridization was quantified as the percentage of pixels within a given marked area that was above a set gray threshold level. c 1 = healthy ( n = 66); 2 = early atretic ( n = 56); 3 = advanced atretic ( n = 60); 4 = late atretic ( n = 41). d,e,f Values within a column with no common superscripts differ ( P < .05). Summarized from Bao et al., 1997a,b, 12 ± 2 e 6 ± 1 ef .6 ± .2 e 1 ± .8 e 13 ± 2 f 0 e 13 ± 3 f 6 ± 1 e 4 5±.2 e 4 ± 1 f 0 e 7 ± 2 f 4 ± 1 f .5 ± .2 e 0 e 10 ± 2 f 0 e 10 ± 2 f 8 ± 3 e luteinization caused by the preovulatory LH surge (Tilly et al., 1992) .
Changes in Gene Expression in Follicles During a Follicular Wave
Levels of mRNA expression for gonadotropin receptors (LHr and FSHr), steroidogenic enzymes (P450scc, P450c17, P450arom, and 3b-HSD), and StAR in thecal and(or) granulosal cells generally increased during the growth phase of the first-wave follicles and decreased during atresia (Tables 3 and 4 ; Xu et al., 1995a,b; Bao et al., 1997a,b,c) . In general, LHr, P450scc, P450c17, 3b-HSD, and StAR mRNA in thecal cells were expressed from the time of formation of the thecal cell layer until advanced stages of atresia. Expression of these mRNA in thecal cells, however, decreased with the onset of atresia, often before morphological signs of atresia were detected. In contrast to thecal cells, gene expression in granulosal cells was dependent on the stage follicular development. In unrecruited follicles <4 mm in diameter, mRNA expression of only the FSHr was found in granulosal cells (Figure 1 ). Following recruitment ( d 0 ) of follicles to grow to 5 mm in diameter and larger, expression of mRNA for P450scc and P450arom was also detected in granulosal cells (Figures 2 and 6) . Expression of LHr and 3b-HSD mRNA in granulosal cells was first detected at 36 h after the initiation of the wave around the time of selection of the dominant follicle (Figures 5 and 7 ; Bao et al., 1997b,c) .
Expression of mRNA for gonadotropin receptors and steroidogenic enzymes, and StAR, in thecal cells and(or) granulosal cells was higher in dominant follicles harvested at 48 h and thereafter compared to recruited follicles collected at 12 h following initiation of the follicular wave (Table 3) . In dominant follicles, high levels of mRNA expression were maintained for a few days (up to 96 h or d 4 ) and decreased with atresia of dominant follicles (Tables 3 and 4 (Table 4 ). All dominant follicles harvested on d 4 and 6 and most on d 8 seemed morphologically healthy. Expression of genes decreased before morphological signs of atresia, suggesting that functional regression occurs earlier (between d 4 and 6 of the follicular wave) than morphological signs of atresia (between d 8 and 10 of the wave) during a nonovulatory follicular wave (Table 4 ; Xu et al., 1995a,b) .
Another system, the IGF system, also has been shown to manifest important effects on follicular growth and development (for recent reviews, see Hammond et al., 1991; Spicer and Echternkamp, 1995) . The IGF system consists of IGF-I, IGF-II, IGFBP 1 to 6, IGFBP proteases, and IGF receptors (Spicer and Echternkamp, 1995) . The IGF increase responsiveness of follicular cells to the gonadotropins to increase secretion of follicular steroids (Hammond et al., 1991; Adashi, 1994; Campbell et al., 1995) . The IGFBP exert their effects by binding to the IGF and make them unavailable to bind to the IGF receptors on follicular cells. Alternatively, the IGFBP may be associated with extending the half-life of IGF and with transport to the cell receptors. The concentrations of IGFBP (2, 4, and 5 ) in follicular fluid generally decrease in dominant follicles compared to subordinate follicles except for IGFBP-3 (de la Sota et al., 1996; Funston et al., 1996; Stewart et al., 1996) . In addition, an IGFBP-4 protease in follicular fluid of bovine follicles has recently been reported (Chandrasekher et al., 1996) .
In a recent report, mRNA expression for IGF-I, IGF-II, IGFBP-2, and IGFBP-3 was determined in bovine follicles around the time of selection and during dominance (Yuan et al., 1997) . Dominant follicles around the time of selection (approximately 9.0 mm in diameter) and dominance (approximately 15.0 mm in diameter) expressed more mRNA for IGF-I and -II than subordinate (approximately 5.0 mm in diameter) or unrecruited (approximately 1.0 mm in diameter) follicles, and mRNA expression was higher in dominant than in selected follicles. Insulin-like growth factor I was localized to granulosal cells and IGF-II to thecal cells. Conversely, IGF-I mRNA has been found in granulosal and thecal cells (Spicer et al., 1994a,b; Spicer and Echternkamp, 1995) . In contrast, IGFBP-2 mRNA was nearly undetectable in dominant follicles but was abundantly expressed in granulosal cells in adjacent subordinate follicles (Yuan et al., 1997) . These data are consistent with other data indicating that actual amounts of various IGFBP are higher in subordinate than in dominant follicles. Several laboratories have shown that dominant follicles express high levels of mRNA for IGF-I and IGF-II and decreased expression of IGFBP (Adashi, 1994; Spicer and Echternkamp, 1995; de la Sota et al., 1996; Funston et al., 1996; Stewart et al., 1996) . This allows IGF to increase the responsiveness of follicular cells to FSH and LH to stimulate additional growth and steroidogenesis in dominant follicles for survival. The fate of subordinate follicles is likely atresia. The IGFBP tie up IGF-I and IGF-II, making then unavailable to follicular cells, and thus reduce responsiveness to FSH and LH (Samaras and Hammond, 1995; Spicer et al., 1997) . The mechanisms whereby expression of IGF and IGFBP mRNA are regulated (or inversely expressed) are unknown. However, a protease inhibitor for IGFBP-4 has been recently reported in bovine follicles and may be one mechanism regulating the action of the IGFBP (Chandrasekher et al., 1996) .
Implications
One major area of importance in the female bovine reproductive cycle is initiation of ovarian follicular growth that results in a fertile ovulation. Ovarian follicular growth is often not initiated in a timely manner. The result is delayed puberty or prolonged anestrus postpartum. Additionally, ovarian follicular development may be abnormal. Specific changes in expression of genes associated with follicular growth, development, and atresia are described in this review. The data are additional steps in our understanding of control of follicular growth and development. Further elucidation of endocrine, cellular, and molecular mechanisms associated with follicular growth will provide the basis for development of therapeutic regimens to induce ovulatory cycles, improve methods for estrus synchronization, and improve success for more uniform response to superovulation.
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